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Abstract: Insulin—gold nanoclusters exhibit outstanding biocompatibility,
photostability, and fluorescence quantum efficiency. However, they have
never been used in superresolution microscopy, which requires nonlinear
switching or saturation of fluorescence. Here we examine the fluorescence
and stimulated emission depletion properties of gold nanoclusters. Their
bleaching rate is very slow, demonstrating superior photostability.
Surprisingly, however, the best depletion efficiency is less than 70%,
whereas the depletion intensity requirement is much higher than the
expectation from a simple two-level model. Fluorescence lifetime
measurement revealed two distinct lifetime components, which indicate
intersystem and reverse intersystem crossing during excitation. Based on
population dynamic calculation, excellent agreement of the maximal
depletion efficiency is found. Our work not only features the first
examination of STED with metallic clusters, but also reveals the
significance of molecular transition dynamics when considering a STED
labeling.
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1. Introduction

Superresolution optical microscopies have been actively developed during the last decade to
resolve cellular features down to tens of nanometers. Representative examples that rely on
switching fluorescence on—off include photoactivated localization microscopy (PALM) [1],
stochastic optical reconstruction microscopy (STORM) [2], and stimulated emission depletion
(STED) microscopy [3]. Another category that relies on saturation of signals includes
saturated excitation (SAX) microscopy [4, 5] and saturated structured-illumination
microscopy (SSIM) [6].

Compared to SSIM, PALM, and STORM, STED microscopy does not require repetitive
image acquisition to allow subsequent image reconstruction and therefore provides a faster
imaging rate (28 frames/s with 62-nm lateral resolution in living cells) [7]. Furthermore,
STED can be easily combined with a confocal laser scanning system to provide
unprecedented three-dimensional nano-imaging capability with much better resolution than
SAX microscopy [8]. Therefore, in this work, we focus on STED microscopy.

One of the major challenges in STED microscopy is to find appropriate dyes, since STED
requires an extraordinarily strong depletion beam. The ideal label for STED should exhibit
not only outstanding photostability, but also bright emission to compensate for fluorescence
loss due to depletion [9, 10]. Both requirements can be met by protein-protected metallic
nanoclusters, such as bovine-serum-albumin-protected Au,s nanoclusters and insulin—gold
nanoclusters (IGNCs) [11-13]. An IGNC is essentially fluorescent insulin with a I-nm Au
core at its center. The physiological function of insulin is preserved during synthesis; thus,
IGNCs are expected to give insights into insulin-related diseases such as diabetes,
Alzheimer's disease, obesity, and aging [13]. In comparison with nitrogen vacancies in
diamond, which are arguably the most stable fluorescence emitters [9], IGNCs possess the
advantages of low toxicity and high biocompatibility, and do not disturb the biological
functions of the labeled bioentities.

The resolution of STED microscopy is Ry = R, e / JI+1,, /1, [3, 14]. Rsrep and

Reonfocal denote the resolution in STED and confocal microscopies, respectively. /g, is the
intensity of the depletion light, and /; is the saturation intensity of a fluorescent molecule. The
saturation intensity is defined as the depletion light intensity at which the fluorescence
becomes half of the initial value. From this equation, the resolution of STED microscopy is
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better with higher /4, or lower /.. However, a strong depletion intensity would potentially
damage fragile biological specimens, so the better strategy is to reduce /.

Using a simple two-level transition model, the saturation intensity can be defined as
I, =hc/A-o-7, where h is Planck’s constant, ¢ is the speed of light in vacuum, 4 is the

excitation wavelength, and ¢ and 7 denote the absorption cross section and fluorescence
lifetime of the fluorophore, respectively [3, 15]. The reported fluorescence lifetime of IGNCs
is 2 ps, which is much longer than that of common fluorescent markers [13]. From Mie theory
estimation, when the excitation wavelength is 490 nm, the absorption cross section is ~4 X
107" cm?, and the corresponding saturation intensity should be 5 x 10> W/cm?, which is much
lower than that of most reported labels [3, 15]. In combination with its biocompatibility and
stable fluorescent characteristics, these properties make IGNCs an attractive choice as
fluorescent markers for STED microscopy. However, there is no report of STED on
fluorescent nanoclusters yet. In this paper, we examine the STED properties of IGNCs and
study their photostability with and without the STED beam. We will show that the simple
two-level model estimation is insufficient, and a more sophisticated molecular transition
model will be necessary to account for the STED property of IGNCs.

2. Experimental setup

Our experimental scheme is shown in Fig. 1. It is a confocal microscope (IX71 and FV300,
Olympus, Japan) equipped with a supercontinuum laser source (SC400-PP-HE, Fianium,
UK), which provides both the excitation and depletion sources through a home-built
wavelength selector. The laser repetition rate is 2 MHz, and the pulsewidth is 110 ps. The
absorption of IGNCs lies mainly in the ultraviolet to blue spectral range, and their emission
peaks around 640 nm, as shown in Fig. 1(a). Since the supercontinuum source is relatively
weak in the violet regime, we choose two bands at 480-500 nm and 690-720 nm as the
excitation and depletion sources, respectively. The powers of the excitation and depletion
beams are 100 pW and 4 mW, respectively, at the focal point. In the experiment, an
apochromatic objective (UPlanSApo 60XW, NA = 1.2, Olympus, Japan) was used, and the
resultant spatial overlap of the excitation and depletion beams in the axial direction of the
focal region is shown in Fig. 1(b), where a 0.2-um deviation is found. During image
acquisition, a suitable dichroic mirror (FF505/606-Di01, Semrock, NY, USA) and barrier
filters (FF01-629/53, Semrock, NY, USA & BAS565IF, Olympus, Japan) are inserted in the
confocal system. The pixel dwell time is 6 ps. Fluorescence signals are typically acquired by
averaging a 10 x 10 pm? area.
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Fig. 1. (a) Schematics of the experimental setup. The excitation and depletion beams are
combined and sent into a laser scanning confocal microscope. The epi-collected fluorescence
is guided through a dichroic mirror (DM), confocal aperture (CA), and suitable filters before
reaching the photomultiplier tube (PMT). Insets show the emission spectrum and TEM image
of IGNCs (scale bar: 5 nm). (b) Axial overlap and (c) temporal separation of the excitation
(black) and depletion (red) beams.
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For fluorescence lifetime measurement, a time-correlated single-photon counting system
(SPC-150, Becker & Hickl, Germany) plus a spectral detector (Polychromator MS 125 &
PML-16-1-C, Becker & Hickl, Germany) is adopted. The same setup can also be used to
determine the temporal separation of the excitation and depletion pulses. To efficiently
deplete the fluorescence, the excitation pulse reached the sample first, followed by the
depletion pulse after a ~200 ps delay, as shown in Fig. 1(c).

The preparation of IGNCs follows our previous publication [13]. Briefly, by mixing
insulin and HAuCly in a Na;PO, buffer and continuously stirring at 4 °C for 12 h, fluorescent
IGNCs were synthesized. The crude product was centrifuged (4000g) for 30 min with a cutoff
of 5 kDa to obtain purified IGNCs. In this experiment, the IGNCs are fixed on a slide glass by
the dried droplet method and protected with a cover glass. A transmission electron
microscopy (TEM) image of the IGNCs is shown in the inset of Fig. 1(a).

3. Results

Figure 2(a) demonstrates the fluorescence depletion of an IGNC film. The inset shows
fluorescent images of an IGNC film before and after depletion, illustrating loss of
fluorescence. The black dots show the intensity dependence of the depletion process, where
the vertical axis represents the spontaneous fluorescence intensity (/p,,) divided by the initial
fluorescence intensity (/y). The red curve shows the exponential fitting of the depletion, and
the corresponding equation is given in the figure. As expected, the depletion ratio is larger
when the depletion beam intensity increases. However, there are two surprising observations.
The first is that the maximal depletion ratio reaches only 60%, although the depletion
intensity has reached a few gigawatts per centimeter squared. From the exponential fitting, at
least 30% background is still present even if a higher intensity is applied. The second one is
the saturation intensity (/;), which can be found when the fluorescence drops to 50% and is
unexpectedly as high as 2.8 GW/cm®.

Figure 2(b) shows the bleaching of the IGNC fluorescence with and without the depletion
beam. When there is only an excitation beam at an intensity of 0.07 GW/cm? (the red curve
and red triangles), the fluorescence of the IGNCs is extraordinarily stable. Quantitatively, it
takes more than 500 s to bleach half of the initial fluorescence. On the other hand, when the
depletion beam overlaps the excitation beam, the bleaching becomes slightly faster (the green
curve and black rectangles). The intensity of the depletion beam is 3.6 GW/cm®, which is
adequate to suppress more than half of the initial fluorescence. To demonstrate the
reversibility of fluorescence depletion, the depletion beam is turned on and off repeatedly. As
expected, when the depletion beam is on, the fluorescence drops appreciably; when the
depletion beam is off, the fluorescence intensity returns. Nevertheless, it is clear that the
fluorescence does not return to its initial value because of bleaching. Quantitatively, 30%
bleaching was found after 120-s illumination with excitation and depletion beams.
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Fig. 2. (a) Fluorescence depletion curve of an IGNC film. Black rectangles are experimental
results, and the corresponding exponential fitting is given as an equation and a red curve. Inset
shows initial fluorescence image (exc. only) and image after depletion (exc. + dep.). Scale bar:
2 um. Blue dashed line marks the position of 50% depletion and the corresponding value of .
(b) Bleaching of IGNC fluorescence and its reversible depletion. Red triangles and curve show
photobleaching with only an excitation beam on IGNC film; green curve shows
photobleaching when the depletion beam is added. The fluorescence can be repetitively
switched on and off, as shown by the black rectangles.

4. Discussion

We have demonstrated the STED capability of IGNCs for the first time and examined the
depletion power dependency, saturation intensity, and photostability. From Fig. 2(b), slight
photobleaching is observed with only the excitation beam, whereas slightly more bleaching
appears when a repetitive depletion beam is added for on—off switching. Compared to other
STED markers, such as Atto565 (excited in air), its fluorescence drops 30% after ~450 s of
illumination at a light intensity of several watts per centimeter squared [16]. Considering that
the excitation intensity is much higher in our experiment and that our pixel dwell time is not
particularly short, the photostability of IGNCs is indeed outstanding.

In addition, the insignificant increase in bleaching when the depletion beam is added
indicates that excited state absorption (ESA) is not dominant in fluorescence depletion [17].
The lifetime of transient absorption in gold nanoclusters is known to be only a few
picoseconds [18], so it is reasonable that ESA does not play a major role when the depletion
pulse is delayed by 200 ps after the pump pulse.

From Fig. 2(a), the STED saturation intensity of IGNCs is as high as a few gigawatts per
centimeter squared, which is larger than the average requirement of typical STED fluorescent
labeling [3, 15, 19] and is also much larger than our calculated value based on a simple two-
level calculation (~500 W/cm?). One possible reason is that the parameters we used in the
two-level calculation, such as the fluorescence lifetime and cross section, are incorrect. The
result of lifetime measurement is shown in Fig. 3(a). There are two lifetime components, 42.5
ns and 0.4 ns. Both are significantly shorter than the reported value in Ref [13]. However,
even if we use the shorter lifetime component to calculate the saturation intensity, the result is
2.5 x 10° W/em?, which is still much lower than our measured value. Alternatively, the value
that we used for the cross section might be incorrect. However, to fit the measured saturation
intensity at 2.8 GW/cm?, the cross section has to be as small as 10™'® cm?. Although this is
still a reasonable number, the simple two-level model cannot explain the existence of the
undepleted background.

#241016 Received 15 Jun 2015; revised 23 Jul 2015; accepted 23 Jul 2015; published 28 Jul 2015
(C)20150SA 1 Aug2015| Vol. 6, No. 8 | DOI:10.1364/BOE.6.003066 | BIOMEDICAL OPTICS EXPRESS 3070



——————————(b)

Q

1.04, IGNCs fluorescence signal |
i fitting curve

0.8 :
—_ b
3_ - _x _x
© 0.6 : y={0.15% 2% ﬁ-‘O.SSe 5] 1
2 4 ) [
c 041 i | .I excitation
g . long short ground
Q

0.24.

0.0% . J

0 5 10 15 20 25 30 35
time [ns]

Fig. 3. (a) Fluorescence lifetime measurement of IGNC film. Green line is the fitting with two
exponential components, whose corresponding lifetimes and coefficients are given in the inset
equation. (b) Schematic of energy levels of IGNCs. The ISC and RISC processes are shown.
PF: prompt fluorescence; DF: delayed fluorescence.

According to a previous study of protein-protected metallic nanoclusters, there is a triplet
state in gold nanoclusters [12]. When a gold nanocluster is excited, the excited electrons
exhibit a substantial probability of crossing into the triplet state, known as intersystem
crossing (ISC). Those electrons trapped in the triplet state may return to the normal
fluorescence state (singlet state) because of thermal activation, and the process is termed
reverse intersystem crossing (RISC). A schematic of ISC and RISC is shown in Fig. 3(b).
According to the model, there should be two fluorescence lifetime components. One is
prompt fluorescence, which comes from direct transition between the singlet and ground
states, i.e., spontaneous emission, exhibiting a short lifetime component. The other is delayed
fluorescence due to the ISC and RISC mechanism, which generates a long lifetime
component. This model corresponds well to our lifetime measurement in Fig. 3(a), where two
fluorescence lifetime components are found. To explain the limitation of the depletion ratio,
Eq. (1) gives the population distribution estimation based on the first-order transition
dynamics.

d[s]
dt

d[r},

dt

L= _k/' [S] kisc [S]t +kr[xc [T]; ; = k[xc [S]; _kn'xc [T]t _kp [T]; ° (1)

-
where [S], and [7], denote the population in the singlet and triplet state at time 7. At ¢ =0,
corresponding to the arrival of the excitation pulse, [S] is equal to [S]y, and [T], is zero.
Further, &, k,, kisc, and ks denote the transition rate from the singlet to ground state, triplet to
ground state, singlet to triplet state, and triplet to singlet state, respectively. Assuming & &,
<< kige, kiise» We derived the population distribution at time ¢,
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Since the instantaneous fluorescence intensity is proportional to k; [S],, by comparison
with the lifetime measurement in Fig. 3(a), the rate constants in Eq. (2) can be quantitatively
determined. As a result, at # = 0.2 ns, when the depletion pulse arrives, 2.5% of the initial
population has been relaxed to the ground state through fluorescence. The remaining
population ratio in the singlet state is 97.5% % ([STo2/([S]o2 + [TTo2) = 66.35%, and that in the
triplet state is 97.5% X [T]o2/([S]o2 + [T]o2) = 31.15%. Therefore, a substantial amount of the
population is transferred to the triplet state when the depletion pulse arrives. Since the
transition moment between the triplet and ground states is extremely small, the population in
the triplet state cannot be depleted via the STED beam. Looking back to Fig. 2(a), at least
30% of the fluorescence cannot be depleted, corresponding very well to our population
calculation.

We tried several approaches to enhance the depletion efficiency. A depletion beam with a
shorter wavelength (610-630 nm) was adopted to reduce the chromatic aberration, but this
laser band excites more fluorescence than depletion. IGNCs in aqueous solution were tested
with STED, but to our surprise, no suppression was observed at all. Gated detection was also
examined, and no significant improvement of the depletion ratio was found. One possible
strategy is to reduce the delay between the excitation and the depletion pulse, so that more
population can be depleted before going into the triplet state. However, in our current setup,
the pulse width is about 100 ps, limited by the supercontinuum source. Therefore, it is
difficult to reduce the delay significantly. If a shorter delay is necessary, a shorter pulse is
required. Nevertheless, two more issues might appear when adopting a short pulse laser. One
is that two-photon excitation may start to affect the fluorescence response, resulting in even
more complicated transition dynamics. The other is that the wavelength requirement (480-500
nm for excitation, 690-720 nm for depletion) is not easily achievable with conventional
femtosecond/picosecond laser sources. It may be accessible by a Ti:sapphire laser and a
optical parametric oscillator system, with a subsequent frequency doubling setup, which will
greatly increase not only complexity but also cost of the whole imaging system.

Another possible approach to enhance the maximum depletion efficiency is to inhibit the
transition to the triplet state. Unfortunately, fast reversible intersystem crossing is an intrinsic
property for the gold nanodots, similar to most of the molecules/clusters consisting of heavy
atom such as Au. The heavy atom effect induces a large spin-orbit coupling matrix, which
leads to substantial mixing between singlet and triplet states. This will also reduce the energy
gap, AEg 1 between singlet and triplet states, resulting in the (T, —S,) reverse intersystem
crossing and hence the thermally activated fluorescence delay. Nevertheless, it may be
worthwhile to study the size dependent AEg 1 for the gold nanodots. By increasing the size of
gold nanodots, it has been well established that the corresponding emission wavelength could
be tuned from blue to near infrared [20]. Accordingly, AEs.t may be changed as well. In the
case of increasing AEqt for certain size (emission wavelength) of gold nanodots, the
reduction of S;-T; mixing will inhibit the intersystem crossing to the triplet state.
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5. Conclusion

We observed the STED capability of IGNC fluorescence for the first time. Outstanding
photostability of IGNCs was demonstrated, and a reversible STED process was confirmed.
However, we found that the maximal depletion ratio is ~60%, with an unexpectedly high
saturation intensity at a few gigawatts per centimeter squared. Fluorescence lifetime
measurement of the IGNCs revealed two states with significantly different lifetimes,
indicating ISC and RISC mechanisms during fluorescence emission. The delayed
fluorescence due to ISC and RISC results in incomplete fluorescence depletion even with a
very high depletion intensity. Although ultimately IGNCs might not be a good fluorescent
marker for STED microscopy, our study opens up a new direction to consider when selecting
suitable STED labels.
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